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57 ABSTRACT

This invention allows ultra-low levels of virtually any
biological analyte to be detected and quantified rapidly,
simply and inexpensively with an electrochemical biosensor
using a novel electrochemical signal amplification tech-
nique. The invention amplifies detection signals from low
level analytes using an innovative sandwich ELISA structure
that replaces optical labels with a massive amount of elec-
trochemically detectable guanine rich oligonucleotide tags.
Selective binding is achieved with matched pairs of either
commercial or custom analyte binding materials such as
monoclonal antibodies or single strand DNA. The guanine
tags are eluted from the sandwich structures and hybridize
with complementary cytosine rich oligonucleotide recogni-
tion probes attached to the surface of a biosensor working
electrode. An electrochemical technique generates a signal
in proportion to the guanine level on the working electrode
which is also proportional to the analyte level in the sample.
Magnetic separation and a nanosensor are used to improve
the signal-to-noise ratio for measuring analyte levels 1,000,
000 times lower than enzyme-linked immunosorbent assay
(ELISA).

20 Claims, 25 Drawing Sheets
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1

ULTRA-SENSITIVE DETECTION OF
EXTREMELY LOW LEVEL BIOLOGICAL
ANALYTES USING ELECTROCHEMICAL

SIGNAL AMPLIFICATION AND BIOSENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit under 35 U.S.C. §119(e)
of U.S. provisional patent application Ser. No. 61/760,848
titled “Amplification and electrochemical quantification of
non-redox species of biological analytes using electrochemi-
cally detectable tags”, filed on Feb. 5, 2013, which, includ-
ing all figures and tables, is incorporated herein by reference
in its entirety.

This application refers to a sequence listing, which is
provided as an electronic document filename “Amplification
Tags_Revl_ST25”, 2896 bytes in size, created on Sep. 10,
2014, and which is incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

The present invention relates generally to the field of
biological assays. More particularly, the invention related to
devices and methods that allow ultra-low levels of virtually
any biological analyte to be detected and quantified rapidly,
simply and inexpensively.

BACKGROUND OF THE INVENTION

The following discussion of the background of the inven-
tion is merely provided to aid the reader in understanding the
invention and is not admitted to describe or constitute prior
art to the present invention. All references, including pub-
lications, patent applications, and patents, cited herein are
incorporated by reference in full to the same extent as if each
individual publication was specifically and individually
indicated to be incorporated by reference.

The analysis of biological analytes is critical for human
health, safety and the environment. For example, infectious
diseases can be diagnosed and treated by identifying the
specific causes of the disease. This can be done by analyzing
bodily samples using biological assays for the presence of
disease-causing biological analytes including cells such as
bacteria, protozoa and fungi, virus particles, toxins caused
by the infectious materials, as well as biomolecular con-
stituents of the infectious materials such as DNA, RNA and
proteins.

Diseases, cancers and medical conditions such as cardiac
arrest can be identified by the presence and levels of protein
antigens and antibodies produced by the human immune
system or other bodily mechanism. Genetic markers can also
be used to indicate an abnormal state or predisposition to
diseases, cancers and medical conditions. Hazardous bio-
logical materials can also be transmitted by infected food,
plants, water, air, objects such as surfaces or containers,
insects, birds, fish, lizards, rodents, animals, and people.
Samples can be analyzed for pathogenic cells, virus par-
ticles, protein toxins, and biomolecules such as nucleic acids
and proteins. Some hazardous biological materials are natu-
rally occurring while others can be intentionally released by
bioterrorists. Many other applications and sectors such as
biotechnology, pharmaceutical, and forensic also require
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analysis for the identification, presence and levels or con-
centrations of biological analytes.

Accurate, timely and practical analysis of biological ana-
lytes is extremely complex. Some analytes can be present as
substances that are difficult and costly to accurately assay.
Some analytes are not specific to a single disease, cancer, or
medical condition, and some diseases, cancers and medical
conditions are not specific to a single analyte. Therefore
identification of analytes can require multiplex assays for
multiple analytes and in some cases multiple types of
analytes for confirmation.

Some analytes can be present in extremely low levels and
may not be detected by an assay, resulting in false negative
outcomes. This requires highly sensitive assays and prefer-
ably the additional use of an amplification or enrichment
process to increase the level of analytes before assaying.

Some analytes can be surrounded by non-specific mate-
rials in several orders of magnitude greater levels, as well as
non-specific materials comprising non-specific strains and
species of the target analyte which are physically and
chemically similar. Non-specific materials can prevent the
analytes from being detected by an assay, and result in false
negative outcomes. In the case where the analyte is not
present in the sample, the non-specific material may be
incorrectly detected by the assay, causing a false positive
outcome. This requires highly specific assays and preferably
the additional use of a purification process to remove
non-specific materials before assaying.

Even though some analytes may be present in a sample
and correctly detected by the assay, some analytes can have
an abnormal or harmful level which is higher or lower than
a normal level. Some analytes have levels that change over
time. This requires assays that can quantify analyte levels or
concentrations, accurately and frequently.

Some analytes are highly infectious, extremely harmful,
and costly to treat or remediate. These analytes need to be
analyzed in a very timely manner to minimize the transmis-
sion of the infection. As well, some analytes have an
elevated level for a limited period of time. Some assay
operators have limited technical proficiency and need assays
that are automated and easy to use. Some testing organiza-
tions have budgetary constraints and require assays to be
low cost for consumables, labor, sample collection, assay
equipment and laboratory facilities.

Numerous assays are known for detecting biological
analytes in a sample. Four general types of biological
analytes are cells, nucleic acids, proteins and redox active
species. The technologies and assays directed at detecting
these analytes are basically separate and independent. In
certain cases different technologies can be used to measure
the presence of analytes associated with the same disease. As
an example, Table 1 illustrates the relative limits of detection
and turnaround times for selected commercial products that
use cell cultures, nucleic acid amplification tests and protein
immunoassays for detecting analytes associated with certain
infectious diseases. Cell cultures and nucleic acid amplifi-
cation tests have the lowest limits of detection but also have
longer turnaround times because of the test complexity,
labor-intensity, and laboratory logistics. Protein immunoas-
says can be done in laboratories, and are also available as
simple rapid point-of-care tests that have a higher limit of
detection.
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TABLE 1

Relative Limits of Detection and Turnaround Times of
Different Detection Technologies Used by Commercial Products

Protein Protein
Nucleic Acid  Immuno- Immuno-
Cell Amplification assay assay
Analyte Culture Test (Lab Test)  (POC Test)
Limit of Detection
C. difficile 1 pg/mL 10 pg/mL 300 pg/mL 1000 pg/mL
Toxin Protein
Campylobacter 3 x 102 3 x 103 3 x 10¢ 3 x 107
C. jejuni cfw/mL cfwmL cfu/mL cfwmL
Bacteria
HIV Virus Not ~15 ~3000 >>3000
applicable  virions/mL.  virions/mL.  virions/mL
to viruses
Turnaround Time
Time between 2-7 days 1-2 days 1-2 days 5-60 min

sample and
test result

Cell assays employ viable cells to reproduce outside of
their natural environment to amplify the detection signals.
Targets cells reproduce in a growth media incubated at an
appropriate temperature, gas mixture and pH. Materials can
be included to suppress the growth of non-specific cells.
Detectable dyes provide color which intensifies with an
increasing number of cells. Cell cultures are sensitive
assays, but have a slow turnaround time (2-7 days) for
producing a detectable number of cell colonies, and can
result in false positive results caused by non-specific strains
of the target cells that reproduce in the growth media. Cell
assays can fail if target cells are unable to reproduce due to
cells being dead or injured, or from contamination of the
growth media. Because of the labor-intensive processing,
cell assays can also fail from technician error due to an
incorrect manual process, or from an inability to distinguish
target cells from non-specific materials.

Nucleic acid assays cause a target region of DNA strands
to amplify using polymerase chain reaction (PCR) during
repeated thermally-induced biochemical processes. DNA
fragments are exposed to appropriate denaturing conditions
including high temperature to melt double helix DNA into
single DNA strands. The temperature is lowered and target
regions of the single stands act as templates which anneal
with complementary nucleotide primers. The temperature is
raised to an activity temperature where a polymerase
enzyme causes a chemical reaction to synthesize new single
DNA strands complementary to the single strand DNA
templates, which form double helix DNA. The process is
repeated until a sufficient number of copies are produced.
Fluorescent dyes or fluorophore-containing DNA probes
create a detectable signal which intensifies with an increas-
ing number of target DNA fragments. Nucleic acid assays
are highly specific and increase in sensitivity when more
detectable target DNA fragments are produced. Because of
the complex processes for sample preparation, amplifica-
tion, detection and quantification, nucleic acid assays require
highly skilled operators using costly equipment and expen-
sive laboratory facilities. This limits the number of organi-
zations that can conduct nucleic acid assays. Bottlenecks can
occur at test labs and cause delays in testing, treatment and
remediation. Nucleic acid assays can fail when non-specific
DNA products amplify due to contamination or improper
sample processing in advance of PCR. Failure can also occur
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if detectable fluorescent dyes or fluorophores are not
adequately delivered along with the replicated target DNA
fragments.

Protein assays identify and quantify proteins such as
hormones and enzymes, by acting as antigens or antibodies
in a chemical reaction. One of the most common protein
assays is enzyme-linked immunosorbent assay (ELISA). In
a direct ELISA an antigen analyte is adsorbed to a plate and
a blocking agent is added to block potential binding sites
from non-specific materials. An antibody-enzyme complex
is added to bind with the antigen analyte and the plate is
washed to remove unbound antibody-enzyme complexes.
An appropriate enzyme substrate is added to produce an
optical signal proportional to the amount of antigen analyte
in the sample. In a Sandwich ELISA, a matched pair of
antibodies forms a sandwich structure containing a first
outer antibody layer to capture the analyte, an internal layer
comprising the antigen analyte and a second outer antibody
layer to detect the analyte. The capture antibody is initially
bound to the plate and then binds with the antigen analyte
contained in a test sample. After washing, a detection
antibody-enzyme complex is added to bind with the antigen
analyte and the plate is washed to remove unbound capture
antibody-enzyme complexes. An appropriate enzyme sub-
strate is added to produce an optical signal proportional to
the amount of antigen analyte in the sample. Direct ELISA
is faster because only one antibody is being used and fewer
steps are required. Sandwich ELISA can have a lower
detection limit because each capture antibody can contain
several epitopes that can be bound by detection antibodies.
Sandwich ELISA can also be made more sensitive using
avidin-biotin complexes which have several sites for
enzymes to provide multiple enzymes per analyte. This can
amplification the detection signal by ten to a few hundred
times. In contrast, cell cultures and PCR can produce
millions or more copies. Protein assays are relatively easy to
use, rapid and low cost. A major disadvantage is the inability
to significantly amplify protein signals, making it necessary
for the subject or its immune system to produce a detectable
level of target protein analytes. This waiting period can
delay detection and subsequent treatment by weeks or
months. If the protein analytes are assayed using immuno-
assay before a detectable level is secreted, then a false
negative detection outcomes will be produced causing the
disease to be undetected.

Another problem is the specificity of antibodies and
antigens. Many antibodies, and particularly polyclonal can
detect a wide range of species; however these can include
non-specific strains that produce false positive detection
outcomes. The use of highly specific monoclonal antibodies
greatly improves the specificity.

All of the abovementioned assays suffer from limitations.
None of these assays can identify all types of analytes.
Unlike cell and nucleic acid assays, protein assays cannot
support significant signal amplification which can limit the
sensitivity of protein assays. Amplification used in nucleic
acid amplification tests and cell cultures adds time, cost and
complexity. Cell and protein assays can have insufficient
specificity and can benefit from purification steps such as
magnetic separation. This adds to the assay cost and com-
plexity. Quantification can be difficult if done manually or
expensive if a transduction system is needed to convert
optical signals to electrical signals. Nucleic acid amplifica-
tion assays are sensitive and specific, however the complex
processes used for sample preparation, amplification, detec-
tion and quantification require highly skilled operators,
costly equipment, expensive laboratory facilities, and time-
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consuming laboratory logistics. This complexity limits the
number of organizations that can conduct nucleic acid
assays.

Another general type of biological assay is for redox
species and works when a redox analyte electrochemically
reduces and/or oxidizes at an electrode. A redox analyte is
placed in close proximity to a set of electrodes and under-
goes electrical stimulation such as applying a potential. This
causes the analyte to lose electrons through oxidation or gain
electrons through reduction, which can be measured as an
electrical signal at the working electrode. The amount of
analyte oxidized or reduced and the corresponding electrical
signal reflect the quantity of analyte in the sample. Other
materials may be also be present such as a mediator to
transport redox electrons, and non-specific materials, both of
which can cause electrical noise that interferes with the
electrical signal from the analyte. When redox analytes are
present in high levels, such as approximately 10'* glucose
molecules in blood associated with 1.1 mmol/L, redox
signals are relatively high compared with background noise
and can be directly measured to provide rapid quantification
with acceptable sensitivity and specificity. Since the detec-
tion signal is electrical, no expensive transduction system is
needed to convert optical signals. This allows glucose
meters using redox assays to be performed in rapid, easy to
use, low cost instruments.

Other redox analytes can be present in very low levels
such as approximately 10* to 10° guanine molecules asso-
ciated with 5,000 copies/ml. of HIV RNA in blood as
required for clinical use. Low levels of guanine bases in
nucleic acids such as RNA can be oxidized to generate very
low electrical current signals while significant background
noise currents are produced due to the relatively high
potentials required for guanine oxidation. This makes it
difficult to distinguish oxidation signals from background
noise signals.

TABLE 2

Examples of Redox Analytes

Redox Analytes
Available for

Redox Level Required for Electrochemical
Analyte Sample Clinical Use Quantification
Glucose 1 puL whole 1.1 mmol/L glucose ~10* glucose

blood (20 mg/dL) molecules
HIV 100 uL whole 5,000 RNA ~10%10° guanine
blood copies/mL molecules

Various approaches have been employed to quantify
nucleic acid analytes using redox assays by improving the
signal-to-noise ratio. One approach reduces the active sur-
face area of a biosensor working electrode by replacing a
conventional solid working electrode with a nanobiosensor
comprising randomly distributed forests of nanoscale struc-
tures on the electrode surface (Lieber, et al, Thorpe, et al).
Another nanobiosensor approach replaces the randomly
distributed forests of nanoscale structures with ordered
arrays of nanoscale structures spaced at least 1 um apart to
further reduce the surface area of a working electrode
(Gordon, et al). These approaches allowed the guanine
signal to be better distinguished from noise over conven-
tional solid working electrodes but not to the degree required
for direct measurement of the low level of redox species
associated with target bio-analytes such as guanine mol-
ecules. Fabrication of nanoscale structures, such as 100 nm
diameter carbon nanotubes, provides additional complexity
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over microscale structures that result in the need for spe-
cialized production equipment with high cost and limited
throughput, poor production yields, and high unit costs for
nanobiosensors.

Another approach employs PCR to amplify target DNA
before detection by a conventional biosensor (Ozkan, et al).
The use of PCR provides added complexity, time and cost
which negates the benefits experienced from the glucose
redox assay.

Another approach employs magnetic separation to purify
analytes by removing background interferences before
detection by a conventional biosensor. Palesecek et al, and
Wang and Kawde capture target sequences using probe
DNA immobilized onto magnetic particles. After target
hybridization, the particles are magnetically separated from
the pool of analytes. The collected DNA is denatured in
acidic solutions, and the free guanine and adenine nucleo-
tides are collected and analyzed using anodic stripping
voltammetry. Although the noise from other interferents can
be reduced, the inherent background signal from water
electrolysis always presents. As a result, the guanine oxida-
tion signal is too low for direct measurement in the presence
of such large background currents.

There is a need for an assay that can determine the
presence and quantity of very low level analytes including
multiple analytes and multiple types of analytes in the same
sample, provide high sensitivity preferably with signal
amplification, provide high specificity preferably with puri-
fication, and provide the above in a rapid, easy to use and
low cost device, including the capability for point-of-care
use.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention,
there is provided a signal amplification sandwich structure
for amplifying detection signals from analytes in a fluid
sample, wherein said structure consists essentially of (a) a
first outer layer comprising a magnetic particle conjugated
with a plurality of an analyte binding material, (b) an inner
layer comprising an analyte, and (c) a second outer layer
comprising a nonmagnetic particle conjugated with a plu-
rality of an analyte binding material and also conjugated
with a plurality of an electrochemically detectable tag in
greater amounts than the bound associated analyte. The
signal amplification sandwich structure employs electro-
chemically detectable oligonucleotide tags for signal ampli-
fication, with the majority of said tags being guanine and
selected from the group consisting of non-random place-
ments of guanine, adenine, thymine and combinations
thereof. Analyte amplification performance of said signal
amplification sandwich structure can be tuned to meet the
desired limit of detection by adjusting one or more of the
following parameters: (a) the number of oligonucleotides
per nonmagnetic particle; (b) the number of guanines per
oligonucleotide; (c) the size of the nonmagnetic particle; and
(d) the surface area of the nonmagnetic particle for binding
electrochemically detectable tags. The number of oligo-
nucleotides per nonmagnetic particle ranges from about 10?
to about 103, the number of guanines per oligonucleotide
ranges from about 10 to about 400, the diameter of a
spherical nonmagnetic particle ranges from about 1 to about
400 microns, and the surface of the nonmagnetic particle
may be smooth, rough, porous, or extended with attach-
ments to other nonmagnetic particles. No optically detect-
able tags are used for amplification, detection or quantifi-
cation.






